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ABSTRACT

The operation of Capillary Pumped Loops (CPL’s) in
low gravity has generally been unable to match
ground-based performance. The reason for this poorer
performance has been elusive. In order to investigate
the behavior of a CPL in low-gravity, an idealized,
glass CPL experiment was constructed. This
cxperiment, known as the Capillary-driven Heal
Transfer (CHT) experiment, was flown on board the
Space Shuttle Columbia in July 1997 during the
Microgravity Science Laboratory mission.

During the conduct of the CHT experiment an
unexpected failure mode was observed. This failure
mode was a result of liquid collecting and then
eventually bridging the vapor return line. With the
vapor rcturn line blocked, the condensate was unable
to return to the evaporator and dry-out subsequently
followed. The mechanism for this collection and
bridging has been associated with long wavelength
instabilities of the liquid film forming in the vapor
return linc. Analysis has shown that vapor line
blockage in present generation CPL devices is
inevitable.

Additionally, previous low-gravity CPL tests have
reported the presence of relatively low frequency
pressure oscillations during erratic system
performance. Analysis reveals that these pressure
oscillations are in part a result of long wavelength
instabilities present in the evaporator pores, which
likewise lead to liquid bridging and vapor entrapment
in the porous media. Subsequent evaporation to the
trapped vapor increases the vapor pressure. Eventually
the vapor pressure causes ejection of the bridged
liquid. Recoil stresses  depress the meniscus, the
vapor pressurc rapidly increases, and the heated
surface cools. The process then repeats with regularity.

INTRODUCTION

Capillary pumped loops are closed loop phase change
devices relying upon evaporation of liquid at the
source of heat and then condensation of vapor at the
sink of heat. The distinguishing characteristics of CPLs
from other capillary pumped heat transfer devices are
the macroscopically large vapor and liquid transport
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lines that ideally make possible the passive transport of
heat over long distances. The porous media providing
the capillary pumping is confined to the evaporator
region.

The first Capillary-Pumped Loop (CPL) was
developed in the 1960’s at the NASA Lewis Research
Center in Cleveland, Ohio (Stenger, 1966). Since then
a significant number of low gravity cvaluations have
followed. The first of these was the Capillary Pumped
Loop GAS Experiment (G-471), flown in June, 1985.
The low-gravity results of this experiment are still
unclear; though initial reports indicated success. The
CApillary Pumped Loop (CAPL) experiment was
flown in February, 1994 on board STS-60 as part of
the Hitchhiker payload. This experiment tested a
starter pump concept designed to clear the vapor lines
of liquid prior to start-up of the CPL evaporators.
Douglass (1997) reported that vapor penetrated the
wick of the starter pump during operation yielding a
temperature there above that of the system
temperature. Further, the starter pump was never able
to fully clear the vapor lines of liquid. The CAPL
experiment was reflown as CAPL-2 with a redesigned
starter pump in July, 1995 on board STS-69.
Preliminary findings indicated performance within the
thermal requirements of the EOS program (CAPL2,
1995). In November 1996, the Visualization In an
Experimental Water Capillary Pumped Loop (VIEW-
CPL) experiment was flown on the middeck of STS-
80. This was the first experiment specifically designed
to investigate the failure of CPL’s in low gravity. The
results of the VIEW-CPL are still preliminary,
although the harmful presence of a vapor bubble
within the core of the evaporator was reported (Kolos
and Herold, 1997). Finally, the Two Phase Flow (TPF)
experiment, designed to address problems encountered
during the CAPL experiment, was flown in August,
1997 on STS-85 during the Technology, Application
and Science (TAS) mission. The TPF experiment
incorporated a new type of starter pump as well as a
"capillary flow valve”. Initial reports indicate some
difficulties in start-up (Ottenstein, 1997).

In general, capillary-pumped loops have not been
started from a cold state successfully without the use of
a starter pump (Ku, 1995b). In most instances, the
starter pump is a heated wicking structure that is used



to clear the vapor lines of liquid. Often, especially
during startup, the temperature data has indicated that
the liquid was flowing in reverse inside the evaporator.
These experiments have also exhibited pressure
oscillations accompanied by evaporator deprime (Ku
and Huang, 1995a). The fundamental mechanism of
the unstable operation, however, has not been
identified.

The Capillary-driven Heat Transfer (CHT) experiment
was designed and conducted to gain insight into the
failure mechanisms of CPL devices in low gravity. The
following describes the CHT experiment and the
results that satisfy this objective.

EXPERIMENT

The main component of the Capillary-driven Heat
Transfer (CHT) experiment is a Pyrex test loop shown
schematically in Figure 1. The loops were designed to
ideally model CPLs. All glass construction was used to
permit observation of the fluid orientation within the
whole of the CPL during testing.

Two such loops were fabricated and tested in low
gravity. These loops were mounted within an enclosed
experimental housing. Each was designed with an
cvaporator and condenser leg, having respective
evaporator inner diameters of Imm and 4mm and a
10mm inner diameter condenser. A partition wall was
uscd to isolate these legs from each other. The vapor
return line likewise had a 10mm internal diameter. The
liquid return line was equal in diameter to the
evaporator inner diameter. Within the loop a three-way
valve was used to direct liquid (ethanol) from the 10cc
reservoir into the condenser leg and/or the evaporator
leg of the test loop. Conical transition sections
connected the vapor leg to the capillary tubing. The
conical sections were designed as capillary traps in low
gravity and prefcrentially located the evaporator
meniscus. The test fluid was spectroscopic grade
cthanol.
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Figurce 1 Schematic of experimental CPL model.

The loops were designed to prevent evaporator dry-out
due to surface tension differences between the
evaporator and the condenser alone even at the
maximum lemperature expected.

During the testing, heat could be applied to the
cvaporator by either of two heaters. The first, called
the cone heater, was a serpentine wire attached to the
evaporator conical transition section. The second,
called the capillary heater, was a spiral wound wirc
located on the capillary tubing approximately 10 mm
from the cone heater. Both heaters were constructed
from 0.25mm Kanthol wirc, rolled flat to insure good
contact with the glass surface. A brushless fan
mounted over an opening (fan vent) in the experiment
module housing provided cooling for the condenser.
This cooling air was exhausted through two additional
openings (condenser vents) in the condenser side of the
experiment module housing.

The loop was instrumented with 7 thermocouples
(Type T, 40 AWG) along the length of the cvaporator
leg and 4 thermocouples along the length of the
condenser leg. The thermocouples were located 0.25
mm from the inside wall in small diameter holes
drilled into the Pyrex tubing. This proximity to the
inside wall coupled with the fine gauge of the
thermocouples provided a very quick response to wall
temperature changes. An additional thermocouple and
a pressure transducer were connected to the vapor leg
to allow for a determination of the vapor properties.
The loops were backlit to permit video recording of the
internal phenomenon.



The output voltages from the thermocouples and
pressure transducer as well as the power for the heaters
and pressure transducer were fed to an LED read-out
that simultaneously displayed the temperature,
pressure, and heat input data. A video record of this
data was obtained.

Four types of CHT experiments were conducted on the
MSL-1 mission. The two relevant to the present paper
were conducted as follows. In the first, liquid was
added to the loop to the condenser to near the top of
the straight section. Capillarity insured that the liquid
in the evaporator was at the top of the evaporator
conical section. Power was initiated to one of the two
heaters. During the transient, evaporator meniscus
stability and overall liquid orientation within the loop
was obscrved.

The second type of experiment was referred to as the
re-weitting experiments. In these, the liquid was
withdrawn to the bottom of the straight section of the
evaporator capillary tubing. Power was then applied to
the capillary heater. After a set waiting period, the
control valve was rotated to free liquid flow from the
condenser to the evaporator. The subsequent re-wetting
of the evaporator meniscus was then observed. Several
waiting times and therefore initial temperatures were
investigated.

The following sections present the results describing
the dominant device failure mode - liquid slugs
forming in the vapor return line that block the return of
vapor to the condenser - and the related evaporator
instabilities.

RESULTS

Liquid Slug Formation in the Vapor Return Lines
One of the first experimental observations was the

formation of a continuous liquid film over the entire
length of the vapor return leg. Immediately after
applying heat, a liquid film could be seen advancing
along the wall of the vapor leg on the evaporator side
duc to condensation of vapor on the cooler walls of the
loop. Capillary forces "drain” the liquid film in the
regions where the vapor tubing bends. The process of
low-gravity liquid pooling in the elbow of the vapor
tube and the eventual formation of a liquid slug is
illustrated in Fig. 2. During each experiment run, the
liquid accumulated in the outer radius of the bend in
the vapor section of the test loop. This pool of liquid
would collect into a lobe that would grow until a slug
of liquid would form, completely bridging the vapor
line.
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Figures 3 and 4 show the formation of the liquid slug
in the vapor leg and the subsequent recession of the
condenser meniscus after the slug has formed. In
Figure 3 the liquid film begins to pool in the outer
radius of the bend and eventually bridges. Prior to
complete bridging of the vapor line, the pooling of the
liquid in the bend of the vapor leg does not adversely
effect the CPL operation. However, after the liquid
slug forms, condensation to the condenser meniscus is
completely disrupted. Subsequently, as liquid is
continually fed to the evaporator, the condenser
meniscus begins to recede as shown in Figure 4.
Eventually, it recedes into the capillary tube thereby
climinating the pressure difference feeding liquid into
the evaporator. Al this point the evaporator dries out
and the system fails.
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Figurc 2. Tlustration of liquid accumulation and slug
formation in the test loop vapor leg during low-gravity
CHT experiments. The arrows indicate the direction of
liquid and vapor flows.

Figure 3 Formation of a liquid slug in the be
vapor leg.

nd of the

Figure 4 Recession of the condenser meniscus after
formation of a liquid slug.

The formation of this slug is primarily the result of an
instability arising from a long-wave disturbance of the



annular liquid film in the vapor return line. Gauglitz
and Radke(1990), Aul and Olbricht (1990) and Hu and
Joseph (1989) have shown that an annular film within
a straight tube is fundamentally unstable to long-wave
disturbances. Such a liquid film will always breakup
and form periodically spaced annular lobes when the
length of the liquid film exceeds a critical length. For
thick liquid films, the annular liquid lobes will bridge
the tube and form liquid slugs. Though this long
wavelength instability is ultimately responsible for the
slug formation shown in Figures 3 and 4, the liquid
flow to the outer portion of the tubing bend is caused
by another mechanism.

In a low Bond number (i.¢., low gravity) environment,
liquid in an annular film will flow from the inner to
outer radius of a bend because of differences in the
interfacial curvature and, therefore, liquid pressure
between these two regions. These pressure differences
and the liquid flow that develops arc analyzed by
cxamining four distinct regions of the annular liquid
film (see Figure 5). The first region is the outer portion
of the tubing bend where the liquid accumulates.
Region 2 is the inside radius of the tubing bend and is
located 180° from region 1 at the same centerline
location. Regions 1 and 2 arc highlighted in the cross
sectional view of the annular liquid film at section A-
A. Region 3 comprises the straight portion of the vapor
line. Region 4 is the condenser meniscus. For the
purposes of this analysis, the condenser meniscus is
presumed to be far from the bend (See Allen et al.,
1998, for results obtained by relaxing this requirement)
and the liquid film is assumed to be of uniform
thickness, h.

vap
proFe-asction A-4

Figure 5 Geometry of the annular liquid film.
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The pressure drop across a liquid-vapor interface is
known from the Laplace-Young equation:

P-B=0|—+—
Rl RI

where P, is the vapor pressure, P, is the liquid
pressure, R; and R, are the principal radii of curvature,
and G is the surface tension. One of the principal radii
of curvature is

the same for each of the four regions and is equal to
the tubing inside radius minus the film thickness, R, -
h. The second principal radius curvature varics from
region to region. In region 1 that radius of curvature is
Rb + R] -h.

Similarly, -R + R; -h, ==, and R, -h are the second
principal radius of curvature for regions 2, 3, and 4,
respectively.

In order to simplify the analysis, a film thickness ratio
is defined as & = W/R. Also, the ratio of the annular
film radius to the bend radius is defined as T = (R, -
h)/R,. Substituting these and the appropriate principal
radii of curvature into the Laplace-Young cquation
results in the following set of expressions for the
pressure jump across the liquid surface for each of the
four regions of the liquid film.

o r o4 T
P —_ = — 1 —_— P - = l _—
VA Ri(l—é)(+l+1“] VRl R,-(l—5)[+l—r]
o o2
P,— -_— P —P :———‘2
vl Ri(1-8) v 1|4 R,(1-8)

For an isothermal system there is no vapor flow
between regions t and 2. Likewise, for an isothermal
system without significant vapor flow, the pressure
drop in the vapor between each of the other regions is
also assumed to be negligible. In considering a system
with a condensing vapor this assumption would have
to be revisited; however, in the CHT experiments
before the vapor line is blocked, a majority of the
condensation occurred near the condenser meniscus, S0
this assumption is not unrcasonable. These equations
are then rearranged to cxpress the pressure drop within
the annular liquid film between the various regions.

i - g 2r AP‘ - g L
2 R,(1-6) 1-1? fha R.(-\ 14T
o T _
A})IIIJ - Ri(l__é')[']t?] ’|3<1 - Ri(l_J)

The potential for liquid flow can be rewriiten in terms
of the Capillary number. Neglecting the aspect ratio of
the annular liquid film, the Capillary number is defined
as Ca= pU/c. Using a lubrication approximation to
describe the liquid film flows, the pressurc drops and



the characteristic lengths, L, between each region are
combined to determine the respective velocity scales,
U. The length scales and resulting capillary numbers
for each of these regions are shown in Table 1.

Table 1 Length scales and Capillary numbers
characterizing liquid film flows between each of the
regions

Region | Length Scale Capillary number
21 ZrRa-6n 2(8 §|_L_
2 zl1-6 J|1-T"
¥l Zga-ptl | 2( 8 [ L
2 r m\1-8 |[1+T
23 | Zpa-sizh 2( 8 Y[
2 r x\1-6 J|1-T
3-4 ZR(-6) 2( 6
2 xl1-6

During the CHT experiments, the annular liquid film
thickness was estimated to be 350 microns'. Based
upon these parameters, the Capillary numbers
characterizing the different regions are shown in Table
2.

Table 2 Typical Capillary numbers for the annular
liquid film flow in the bend of the vapor leg during the
CHT experiments.

Regions Cax 10°
2-1 124
3-1 20
2-3 73
34 361

These Capillary numbers are represented pictorially in
Figure 6, where the length of the arrow is
representative of the magnitude of the liquid flows.
Liquid flow into the bend is much larger than the flow
out of the bend. Therefore, liquid will accurnulate in
the outer region of the tubing bend in any low Bond
number system. Also, the liquid flow into the
condenser meniscus is higher than any other liquid
film flows in the system. This implies that there is
always significant drainage into the condenser
meniscus even in low gravity systems. It also explains
why the formation of the slug often took as many as 10
minutes to form. But as reported by Aul and Olbricht
(1989), drainage by the meniscus will only occur over

! This estimate of the liquid fitm thickness is based on a
uniform distribution of a volume of liquid over the entire
surface of the vapor leg. The volume of liquid chosen

was that which was lost from the condenser meniscus before
the formation of the liquid slug
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a length of 2nR;. When the condenser meniscus
receded to near the conical section after a slug formed,
another lobe was observed to form in region 4, since
the length above the condenser meniscus to the bend
approach this critical length.

N

|

p—

Q.

Figure 6 Vectors representing magnitude and direction
of liquid film flow in CHT experiment.

The variation in the Capillary number between the
various regions is a function of the geometry of the
system and is not a function of the properties of the
liquid (assuming constant temperaturc). Therefore, the
liquid film flows illustrated in Figure 6 arc typical of
the flows in any annular liquid film within a bend in a
low Bond number system where the radii ratio, T, is
between 0.1 and 0.4. As I'decreases below 0.1, the
liquid film flow, characterized by Ca, 4, is the
dominant feature in the region of the bend, but is an
order of magnitude less than the liquid flow into the
condenser meniscus. At I'=0.01, Ca,., is two orders
of magnitude less than the flow into the condenser
meniscus. Liquid film flows characterized by Ca;;
become significant relative to flows into the meniscus
only whenT" > 0.1.

Characteristic Time Scales and Evaporator Meniscus
Oscillations

An annular liquid film in a straight tube has been
shown 1o be unstable when the film length exceeds a
critical Iength of 2%?aR (Aul and Olbricht, 1990,
Gauglitz and Radke, 1990). This long wavelength
instability, driven by surface tension, results in the
liquid film collecting into periodically spaced,
axisymmetric "lobes”. When 8 > 0.1 enough liquid is
present that the lobes will "pinch off” and bridge the
tube, forming slugs of liquid. When 0 is less than 0.1,
only lobes will form.

The effect of the capillary-driven flow in the bend
relative to the long wavelength instability can be



gauged through a comparison of the characteristic
times for each of the flow potentials. The characteristic
time associated with the long wave length instability is
given by Aul and Olbricht (1989) as

| BR

Rt
where , is the absolute viscosity of the liquid. This
time scale characterizes the growth rate of the lobe or
slug of liquid.

The circumferential flow only occurs when there is a
bend in the tubing. When & <<1, the film can be
treated as planar and the characteristic flow time for
the circumferential flow is R, /o6 . For thicker films,
the radial dependence of the annular film must be
retained. At times during the conduct of the CHT
experiment, 8 exceeded 0.1, preventing use of the
simpler formulation.

The radial and circumferential velocities and velocity
scales in the liquid film are represented respectively by
u,U and v,V. By non-dimensionalizing the radial
dimension as r = R;(1- 8 r'), the annular liquid film
thickness is scaled from O at the wall to 1 at the liquid-
vapor intcrface. Applying these scales to the
continuity equation yields U ~ 8V. Retaining only
those terms of order & or greater reduces the
conscrvation of momentum equations to

P

or’

5 1 )BP v 1
—pV— = -8
',u‘ (1—5r' a6 ar” [1—5r'
Using the no-slip condition at the wall and the free

R
shear condition at the liquid surface, the dimensionlcss
velocity profile, v', after eliminating terms o(8), can be

expressed as
ol 1o 1 .
r—-——r |+0|—r ——r 4.
2 2 3

. _&RAP,
Setting ¥~ and v" equal to 1 results in a velocity scale

v
equal to
6’RAP
-~ g .1_+_]-5 .
ny, 2 6

The characteristic time for the capillary flow from the
inner portion of the bend to the outer portion of the
bend, t4, is found by dividing the distance for liquid
flow, TR;, by the velocity scale, V. Substituting the
expression for the capillary pressure drop from region
2 to region 1, APyl jinto the velocity scale, V, results in
the following expression for the characteristic time of
the capillary-driven flow:

.- n’uR 1-T?

° o8 1+1/36
The two time scales, #, and t,, characterize the rate of
liquid

v

\%4
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accumulation in the vapor line. Liquid flow in the
axial direction (scaled by #) will always tend to form
liquid Iobes whenever the film length exceeds 2*2nR,.
When there is a bend in the tube, circumferential flow
(scaled by t5) will result in liquid collecting in the
outer portion of the tubing bend. The bend does not
eliminate the long wavelength instability, but rather,
it provides a perturbation to the liquid film that
augments the long wavelength instability.

The importance of 1, relative to f; can be examined by
expressing the time scales as a ratio,

A1+ T
i, #lsG-8)f1-1

The ratio of tube radius to bend radius, T, varies from
010 1. The limits on I" vary from O for a straight tube
to 1 for a toroid with zero inside radius. The effect of T
on the liquid lobe formation is illustrated in Figure 7.
At T ~ 0 (i.e., for straight tubing), t; ¢ ~0 and the liquid
forms axisymmetric lobes. AsT" ~ 1, and 1; sV ,a
uniform liquid film forms on the outer radius of the
bend. At 0<T'<l, t; s~1 and the liquid forms into non-
axisymmetric lobes on the outer region of the bend.
For the CHT experiments, #; ¢ typically around 0.4,
so the formation of non-axisymmetric lobes in the
bend is expected.

Ui

-9 0 << e r-1
Figure 7 Types of liquid accumulation in the bend of

the vapor line for various values of I" with d<0.1.

The ratio g 4 is also a strong function of 8. The limits

on § g can be expressed in terms of the relative values

of Tand &:

e if8<<T <<, thent; ¢ > = adthe liquid film
flow is characterized by I5;

e ifT << d << 1, then t; ;>0and the liquid film
flow is characterized by 1 .

During the CHT experiment, the liquid ncarly always
accurnulated in the same location on the condenser
side of the vapor leg. The most probable explanation
for liquid accumulation in this particular location is
that the radius of curvature of the bend in the glass
tubing was slightly smaller at this point than at other
points along the vapor leg. The non-uniform radius of
curvature occurred as a result of the test loop
fabrication process. The smaller radius of curvature,
Ry, reduces the characteristic flow time, . Therefore,
liquid accumulates in the outer region of the bend more
quickly at this location resulting in a larger film



thickness, 6. Since , the characteristic time for the lobe
formation, f,, is proportional to &°, any small
perturbation in the film thickness is greatly amplified
by the long wavelength instability.

Evaporator Meniscus Oscillations
During the low-gravity CHT experiments, the

evaporator meniscus did oscillate and a direct
correlation of meniscus position to vapor pressure was
established. Portions of two CHT reweiting
experiment runs are provided which illustrate this
relationship.

Figure 8 shows a small time segment (12 seconds)
taken from the first rewetting experiment run,near the
beginning of the test run when the system was far from
stcady-state. In Fig. 8 the upper graph shows the
cvaporator wall temperatures TCS and TC6 against
time. The major time divisions are in 30 frame (1
second) increments. TC6 is localed in the center of the
capillary heater and TCS5 is located just beyond the
capillary heater towards the vapor side of the loop. The
center graph is a plot of the vapor pressure versus time.
The lower graph plots the evaporator meniscus
posilion against time. The meniscus position is
referenced from thermocouple 3. The horizontal grid
lines on the bottom graph are the locations of
thermocouples 1 through 7.
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Figure 8 Time slice of evaporator wall temperatures,
vapor pressure, and evaporator meniscus position from
the CHT rewelling experiment - run 1.

In Figure 8 the meniscus was stable and located near
TC 2 until frame 22000. Complete rewetting had
occurred. Then the meniscus violently destabilized.
Vapor recoil depressed the meniscus below
thermocouple 7. Simultaneously, the vapor pressure
jumped 4000 Pa, and after a onc second time lag the
wall temperatures TC6 and TCS began to drop. These
two lemperatures begin to decline again once the
meniscus began to move back into the evaporator.

After another 100 frames, the evaporator meniscus
restabilized near TC2. Once the meniscus stabilized,
the vapor pressure begins to drop, eventually leveling
off, and the wall temperatures began to rise. At frame
22156, the process repeated. In all cases, the vapor
pressure spikes were directly attributable to the
destabilization of the evaporator meniscus
(characterized by a dramatic and rapid reccssion).

Figure 9 shows a 12 second time slice from the second
rewelling experiment run, taken near the end of the test
run where quasi-steady-state operation is being
approached. At the beginning of this time slice, the
evaporator meniscus was oscillating with a very small
amplitude (~ 500 microns) near the TCS location. The
frequency of these oscillations were about 6 to 10 Hz.
The small oscillations produced vapor pressure
changes that could not be resolved by the pressure
transducer. At frame number 7542, the evaporator
meniscus suddenly stabilized and advanced to the TC2
location. Simultancously, the vapor pressurc began to
drop as the evaporation was reduced and the wall
temperatures increased, especially at TCS. After 1.2
seconds (frame 7578) the meniscus violently
destabilized and once again began to oscillate about
the TCS location. As the evaporation increased the
vapor pressure also increased and the wall tempcrature
at TC5 decrcased dramatically. This cycle is repeated
again starting at frame 7680.
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Figurc 9 Time slice of cvaporator wall temperatures,
vapor pressure, and evaporator meniscus position from
the CHT rewetting experiment - run 2.

That there is a periodic nature to these oscillations is
obvious from the power spectrum analysis of the
temperature data for TC7 (near the normal position of
the meniscus) during run 2 for the period of time when
the meniscus oscillations were present. See Figure 10.
Clearly, a significant portion of the signal energy is in
the 7 Hz range.
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Figure 10 Power spectrum analysis of TC7 during
second rewetting experiment
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The previous results establish the link between vapor
pressure oscillations and the meniscus destabilization
and show that these oscillations are periodic. However,
these do not reveal their source. Onc potential
mechanism can be eliminated from consideration.
Nucleate boiling was not observed in any of the tests.

For some of these oscillations, a liquid bridge was
observed to form upstream of the intrinsic meniscus in
the capillary tube. When this occurs, evaporation to the
entrapped vapor bubble increases the pressure within.
Eventually the liquid bridge is ejected. Given that the
length in the capillary tube above the intrinsic
meniscus was greater than 23’21tR,, where R. is the
internal radius of the evaporator capillary, the
possibility of a long wavelength instability could not
be ignored.

To sec if the characteristic frequency of the observed
oscillations can be explained by this mechanism, the
time scale, 1, for the formation, growth, and
coalescence of lobes in the evaporator capillary is
determined. To accomplish this, an estimate for the
dimensionless film thickness, 8, is required. Generally,
in ground tests, the initial lobe and slug formation was
slowest. After the first incidence, however, the
observed rate of formation incrcased rapidly,
suggesting that much of the liquid ejected from the
liquid bridge when the vapor pressure becomes
sufficient to blow through the liquid bridge, finds its
way to the wall of the capillary. The initial liquid film
thickness after ejection of the bridge can then be
estimated from the volume in the liquid bridge.
Presuming the bridge volume to be roughly equal to
onc half of the cross-sectional arca of the evaporator
capillary times the critical length, (n* R.* 2'?), the
dimensionless liquid film thickness after ejection of the
bridge can be estimated as:

5~h/R, =2"zR,[L
where L is the length of the evaporator capillary length
above the bridge (~ 1 cm). This dimensionless film
thickness is estimated 1o be 0.11, suggesting that liquid
bridging is likely (Aul and Olbricht, 1990).

Now, the time scale #, is estimated. Evaluating the
thermophysical properties at TC7, the time scale for
lobe formation and bridging is on the order of 0.08s.
Since this period is less than that associated with the
oscillations, the possibility that the long wave
instability contributes to their occurrence cannot be
discounted. Further, since the time scale is very small,
the absence of visual observation of liquid bridging
prior to the meniscus oscillations for every occurrence
may be a consequence of aliasing introduced by the
1/30 second video recording rate.



CONCLUSIONS

The CHT experiment has provided significant insight
into of the fundamental operation of a capillary
pumped loop heat transfer device in low- gravity.
Above all, it has revealed that the present criteria used
to design such systems which ignores the presence of
liquid in the so-called adiabatic vapor transport region
and that ignores the dynamics within the evaporalor
pores is inadequate for low-gravity systems. The
present research has shown that the liquid film forming
along the walls of the adiabatic region will inevitably
de-stabilize due to a long wavelength instability
mechanism, particularly given the long transport lines
characteristic of CPL’. The present rescarch has
further shown that bends in these lines will amplify the
long wavelength disturbances due to the accumulation
of liquid at the outer radius of the bend due to capillary
pumping. Given that CPL’s rely have multi-pass heat
exchangers comprising the condensers, the
significance of this result is clear. In time, a liquid slug
will form in each and every bend. With this
conclusion, the past low gravity CPL results must be
looked at with some suspicion. A majority of these
tests have focused on CPL start-ups. The present
results yield uncertainty about whether steady-state
CPL operation is obtainablc at all.

The present rescarch has also offered a plausible
explanation for the vapor pressure oscillations that
have been observed in CPL’s in the past. Analysis
reveals that long wavelength instabilitics present in the
evaporator pores can lead to liquid bridging and vapor
entrapment in the porous media. Subsequent
evaporation to the trapped vapor increases the vapor
pressure. Eventually the vapor pressure causes cjection
of the bridged liquid. Recoil stresses dramatically
depress the meniscus. As the meniscus attempts 10
rewel, the process then repeats. At high enough
temperatures, wetting degradation is observed to
coincide with these cyclic oscillations.
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